Summary This study aimed to delineate the mechanism involved in type 1 diabetes-induced bone loss. The results revealed the alteration of vitamin D metabolic enzyme expression and the downregulation of renal calcium transporter abundance in type 1 diabetic mice. Introduction The purpose of this study was to investigate the changes of the expression of vitamin D metabolic enzymes and transcellular calcium-transporting proteins in kidneys from mice with experimentally induced diabetes. Methods Male DBA/2J mice were injected with either vehicle (control) or streptozotocin (STZ) daily for five consecutive days. Bone mineral density was measured by peripheral quantitative computerized tomography, and bone histomorphology was analyzed by Safranin O staining. Real-time PCR and Western blotting were applied to determine the expression of target genes and proteins. Results Type 1 diabetes produced high urinary calcium excretion and loss of trabecular bone measured at the proximal metaphysis of the tibia and the distal femur. Bone loss was associated with deterioration of trabecular bone microstructure. Quantified PCR results showed that mRNA expression level in the kidney of diabetic mice for 25-hydroxyvitamin D-24-hydroxylase was downregulated at week 10, while those for 25-hydroxyvitamin D-1α-hydroxylase were upregulated at week 20. In addition, mRNA expression levels for renal transient receptor potential V6, plasma membrane Ca-ATPase (PMCA)1b, and vitamin D receptor (VDR) genes were decreased in STZ-treated mice. Western blot analysis showed that protein expression of PMCA1b and VDR was significantly decreased in kidneys from STZ-treated mice compared to that of controls. Conclusions The limitation in this study is the lack of vitamin D, parathyroid hormone, and phosphorus levels in serum. However, the present study supports the conclusion that the underlying mechanism contributing to type 1 diabetes-associated bone loss may be alterations of vitamin D metabolic enzyme expression and associated decreases in expression of renal calcium transporters.
Introduction
The coexistence of diabetes mellitus and altered bone and mineral metabolism has been established by a number of investigations in diabetic patients [1, 2] . Patients with type 1 diabetes, also called insulin-dependent diabetes mellitus, are consistently observed to have low bone mineral density [3] [4] [5] [6] , and emerging evidence suggests that patients with type 1 diabetes are at high risk for osteoporotic fractures due to low bone mass and bone fragility [7, 8] . The relationship between diabetes and osteoporosis is complex, and the fundamental mechanisms contributing to the development of osteoporosis in diabetes are unclear despite extensive investigation [3] .
An experimental animal model, where streptozotocin (STZ) is used to induce diabetes in rodents, has been well accepted as a model for type 1 diabetes in humans [9] . Using this model, pharmacological studies have been performed to investigate the preventive and therapeutic effects of different treatments on various bone phenotypes [10] [11] [12] [13] [14] [15] [16] [17] . However, these studies have only evaluated the direct effects of different therapies on bone phenotypes, such as bone mass, biomechanical behavior, and bone structure, and have revealed little about the mechanisms contributing to these altered phenotypes. A better understanding of the fundamental pathogenic mechanisms contributing to type 1 diabetes-associated bone defects may help identify additional potential therapeutic targets and provide a rationale for developing individualized treatments for diabetic patients with osteoporosis.
The exact mechanisms accounting for type 1 diabetesassociated bone defects are not known. Some existing data suggest that the bone defect in type 1 diabetes is attributable to deficient bone formation because of an absence of the anabolic effects of insulin and amylin [4, 6] . Other published data, however, suggest that diabetesassociated bone defects are caused by increased bone resorption. This has been demonstrated by enhanced expression of cathepsin K and tartrate-resistant acid phosphatase, which have the capacity to break down bone matrix [18] . The present study was performed to examine the mechanisms by which other factors contribute to the development and progression of type 1 diabetes-associated bone defects.
Calcium homeostasis plays a major role in regulating bone metabolism in vivo. Calcium mobilization and deposition in skeleton, through the dynamic processes of bone resorption and bone formation, respectively, are actively involved in maintaining calcium homeostasis [19, 20] . Therefore, we hypothesize that systemic factors, which are capable of regulating calcium metabolism and balance, may influence the development of type 1 diabetesassociated bone defects. Transient receptor potential V6 (TRPV6), calcium-binding protein-9k (CaBP-9k), and calcium-binding protein-28k (CaBP-28k) in kidney are responsible for calcium reabsorption in the renal tubules by apical Ca influx and intracellular diffusion [21, 22] . A calcium pump (plasma membrane Ca-ATPase, PMCA), located on the basolateral membrane, has a role in the extrusion of calcium [23] . The active and hormonal form of vitamin D, 1,25(OH) 2 D 3 , contributes to the stimulation of intestinal Ca absorption, the maintenance of Ca balance by binding to the vitamin D receptor (VDR) and directly stimulating bone metabolism, and also by altering the rate of transcription of target genes. Renal 25-hydroxyvitamin D-1α-hydroxylase (1-OHase) and 25-hydroxyvitamin D-24-hydroxylase (24-OHase) are enzymes that catalyze the production and inactivation of circulating 1,25(OH) 2 D 3 , respectively [24, 25] .
In this study, our aim was to investigate the role of the renal handling on calcium reabsorption and the renal vitamin D metabolic enzymes in type 1 diabetesassociated bone defects. Mice rendered diabetic after either 10 or 20 weeks of STZ injection were used in the present study. Blood glucose and urine albumin were measured to determine diabetic status during the experimental period, and the expression of calcium-transporting protein and vitamin D metabolic enzymes in kidney was analyzed by real-time PCR and Western blotting.
Materials and methods

Mouse model and treatment
The animal study protocol was approved by the Institutional Animal Care and Use Committee at the University of Shanghai for Science and Technology. Ten-week-old male DBA/2J mice (Jackson Laboratory, Bar Harbor, ME, USA), which are susceptible to hyperglycemia-induced renal injury [26] , were allowed to acclimate to their environment for 1 week before injection. Mice were fasted for 4 h and then given an intraperitoneal injection of freshly prepared STZ (40 mg/kg dissolved in 10 mM citrate buffer, pH 4.2, n=20) or vehicle (control mice, n=20) daily for five consecutive days. Ten mice in each group were sacrificed after week 10, and the remainders were sacrificed after 20 weeks. Blood glucose levels were monitored with CONTOUR blood glucose monitoring system (Bayer) at 0, 10, and 20 weeks post-STZ treatment. Spot urine was collected at 0, 5, 10, 15, and 20 weeks after completion of STZ injection. After sacrifice, serum and kidneys were immediately harvested for a variety of biochemical and molecular analyses.
Serum and urine chemistries
Urinary albumin and creatinine levels were determined using a mouse albumin ELISA quantitation kit (BETHYL, Montgomery, TX, USA) and creatinine assay kit (Hayward, CA, USA), respectively. Total calcium in serum and urine was measured by standard colorimetric method according to the manual of the commercial kit purchased from Stanbio Laboratory (Boerne, TX, USA).
Bone histology
The tibias were fixed in 4% formaldehyde/phosphatebuffered saline (pH 7.2), decalcified in 0.5 M EDTA (pH 8.0), and embedded in paraffin by standard histological procedures. Sections of 4 μm were cut and stained with Safranin O (Sigma), followed by counter-staining with hematoxylin, to visualize proteoglycans.
Peripheral quantitative computerized tomography
Trabecular bone mineral density of femoral end and tibial head was measured by peripheral quantitative computerized tomography (pQCT) with an XCT2000 machine (Norland Stratec Medizintechnik GmbH, Birkenfeld, Germany) as described previously [24] .
Real-time quantitative PCR
Total RNA from kidneys were isolated using TRIzol reagents (Invitrogen, Carlsbad, CA, USA). First-strand cDNAs were synthesized from 4 μg of total RNA in 20 μl reaction using SuperScript First-Strand Synthesis System (Invitrogen). The first-strand cDNAs served as the template for the regular PCR performed using a Bio-Rad DNA Engine (Bio-Rad). Real-time PCR was performed using SYBR Green Supermix (Bio-Rad Laboratory, USA) as described previously [24] . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control was used to normalize the data to determine the relative expression of the target genes. The PCR primers used in this study were as described in Table 1 .
Western blot
Kidneys were homogenized in Laemmli buffer (Boston Bioproducts, Worcester, MA, USA), followed by 5 min boiling and centrifugation to obtain the supernatant. Protein concentrations were determined using a Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA, USA). Proteins were separated by SDS-PAGE and electrotransferred onto polyvinylidene difluoride membranes (Immobilon-P, Millipore, MA, USA). Immunoblotting was performed after blocking nonspecific binding on the membrane with 5% nonfat milk in TBST. The membranes were incubated with the following dilutions of primary antibodies: 1:1,000 rabbit anti-calbindin D-9k or anti-plasma membrane Ca 2+ -ATPase 1b (Swant, Bellinzona, Switzerland), 1:500 rabbit anti-rat VDR (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and 1:2,000 mouse anti-β-actin (Sigma-Aldrich). Membranes were then incubated with peroxidase-conjugated anti-rabbit (1:3,000, Santa Cruz Biotechnology) or mouse IgG (1:3,000, SigmaAldrich), which were detected with the ECL Western Blotting Detection Reagents (GE Healthcare, UK).
Statistical analysis
Data values were presented as means ± SEM. Statistical comparisons were made using Student's t test, with P<0.05 being considered significant.
Results
Blood glucose level and urinary albumin content As shown in Table 2 , blood glucose levels in the diabetic group rose to >600 mg/dl after 10 weeks of STZ treatment, and the same results were observed after 20 weeks of STZ treatment. As expected, STZ-treated diabetic mice developed time-dependent progressive albuminuria (Table 2) , and the urinary albumin-to-creatinine ratio increased more than fourfold (P< 0.001) and sixfold (P <0.001) over normal controls at weeks 10 and 20, respectively.
Calcium content in serum and urine Serum Ca levels did not differ significantly between the normal control and diabetes groups at either week 10 or week 20 (Table 2 ). In contrast, urinary Ca excretion was significantly higher in the diabetes group than in the control group at all points tested between weeks 5 and 20 (P<0.05; Fig. 1 ) with the maximal difference at week 10 (P<0.01).
Bone properties
Histological analyses revealed bone abnormalities in diabetic mice at week 20 post-STZ treatment (Fig. 2a, b) . These abnormalities were characterized by a marked (Fig. 2c) showed that compared to control mice, diabetic mice had a significant decrease in bone mineral density of trabecular bone measured at the proximal metaphysis of the tibia (P<0.01) and the distal femur (P<0.05).
Gene expression of 1α-and 24-vitamin D hydroxylase in kidney
The expression of renal 1-OHase and 24-OHase by regular PCR analysis is shown in Fig. 3a . Quantitative data generated using real-time PCR showed that, compared to controls, the expression of 24-OHase mRNA in kidney of diabetic mice was significantly and markedly decreased at week 10 (P<0.01; Fig. 3b ), but not at week 20 (Fig. 3c) . In contrast, the expression of 1-OHase mRNA in kidney of diabetic mice was significantly and markedly increased, compared to controls, at week 20 (P<0.01; Fig. 3c ), but not at week 10 ( Fig. 3b) .
Gene expression of CaBP-9k, CaBP-28k, TRPV6, PMCA1b, and VDR in kidney
There was no statistically significant difference between the STZ and control groups in mRNA levels for calciumbinding proteins in kidney, including CaBP-9k and CaBP28k, at either 10 or 20 weeks. In contrast, STZ-injected mice showed the downregulation of the renal TRPV6 gene at week 20 (P<0.01; Fig. 4b ), but not at week 10 ( Fig. 4a) . mRNA levels for both PMCA1b and vitamin D receptor in kidney were significantly reduced at week 10 (P<0.01) and week 20 (P<0.01) in mice subjected to STZ treatment, compared to controls. 
Discussion
STZ-injected mice showed the typical features of type I diabetes in this study, manifested as high serum glucose levels and increased urinary albumin excretion. The development of proteinuria in this study, which is the pathogenic hallmark of diabetic nephropathy, demonstrated the progression of diabetic renal injury. Like diabetic nephropathy, diabetes-induced bone loss is also a chronic disorder. This long-term study was of sufficient duration (20 weeks) to permit the development of prominent bone disorders so that the potential mechanisms underlying these changes could be better evaluated. The present study demonstrated that type 1 diabetes causes trabecular osteopenia in mice, which is consistent with recent findings for type 1 diabetes in rats [27] . Calcium excretion in urine was consistently much higher in diabetic mice than that in normal controls during the experimental period, consistent with findings in diabetic patients [28] and STZ-induced diabetic rats [29] . The current findings suggest that the increase of urinary calcium loss is one of the potential pathogenesis of osteoporosis in type 1 diabetes. It has been shown that calcium intake has a protective role in bone mineral density in patients with diabetes [30] . Consequently, further study addressing the pharmacological and therapeutic effects of calcium supplementation on type 1 diabetes-induced bone loss is probably warranted.
Although mRNA expression of renal vitamin D metabolizing hydroxylases was altered following sustained hyperglycemia in STZ-induced type 1 diabetic mice, the [31, 32] , and there is a growing body of evidence in humans [33, 34] and animals [35, 36] for the important protective role of vitamin D in diabetes nephropathy. More recently, important immunomodulatory effects have been attributed to vitamin D [37] . Vitamin D deficiency affects immune system behavior in different animal models of immune-mediated disorders, such as type 1 diabetes, and can predispose individuals to type 1 diabetes [38] .
In the current study, we report significant downregulation of the VDR in the kidney of type 1 diabetic mice, both at mRNA and protein expression levels. Importantly, an earlier study reported that the distribution of VDR genotype frequencies differed significantly between type 1 diabetic patients and nondiabetic controls [39] . Collectively, these findings strongly support the conclusion that disturbances in expression of the VDR are associated with type 1 diabetes and that these alterations in expression may be affected by genetic polymorphisms within the population.
TRPV6 has been identified as a calcium channel that finely tunes the final urinary calcium concentration [40] and is expressed in both the distal convoluted tubule (DCT) and the terminal nephron (TN). In our study, long-term diabetes-induced downregulation of the TRPV6 gene, suggesting that the defect of calcium entry into the DCT and TN contributes to diabetes-associated renal calcium loss at the terminal stages of renal failure. Intracellular calcium-binding proteins are expressed in the DCT, connecting tubules, and collecting ducts of the kidney [41] . Our findings that mRNA expression levels for renal CaBP-9k and CaBP-28k were not altered in diabetes are consistent with a previous report in which diabetic rats were studied [42] . Interestingly, we demonstrated that both shortterm and long-term hyperglycemia resulted in a significant reduction of mRNA and protein of the basolateral calcium efflux protein PMCA1b. These data suggest that PMCA1b plays a functional role in the pathogenesis of renal calcium loss during the development of type 1 diabetes. Since vitamin D is an important positive regulator for calciumtransporting proteins [29, 43] , alterations of vitamin D metabolic enzymes expression would appear to be critical to changes in renal calcium-transporting function.
Recent studies have reported histopathologic changes occurring in renal tubules of kidneys from type 1 diabetic mice including fibrosis, inflammation, and epithelialmesenchymal transition [35, 36, 44] . The present study revealed alterations of vitamin D metabolic enzymes expression and calcium-transporting proteins expression in kidneys from mice with type 1 diabetes, and it is reasonable to hypothesize that these molecular changes contribute to the morphologic changes described above. Thus, this study provides significant insight into the pathogenesis of osteoporosis and renal damage associated with type 1 diabetes.
The limitation in this study is the lack of vitamin D (25-hydroxyvitamin D and 1,25-dihydroxyvitamin D), parathyroid hormone, and phosphorus levels in serum. Although 24-hydroxylase and 1-hydroxylase mRNA expression were measured in kidney, serum levels of the metabolites and calciotropic hormones would provide adequate supports to confirm the alteration of vitamin D metabolism during the development of bone loss in type 1 diabetes, and these queries would be addressed in our further experiment.
In conclusion, we showed the loss of trabecular bone mass and the destruction of trabecular bone microstructure in STZ-induced type 1 diabetic mice. Our data suggest that the underlying mechanism contributing to type 1 diabetesassociated bone loss might be altered vitamin D metabolic enzymes expression and downregulated expression of renal calcium-transporting proteins, leading to renal calcium wasting. Further studies will be required to investigate the potential prophylactic or therapeutic effect of dietary vitamin D and calcium fortification on type 1 diabetesinduced osteoporosis.
